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ABSTRACT 
Parallel readout of a microcantilever array using 
single magnetic actuator and a single photo detector for 
concurrent detection is reported. The system includes 
MEMS cantilever array designed for different resonance 
frequencies, optical elements for laser beam shaping and 
focusing, one detector and feedback electronics, and 
single broadband actuator for parallel excitation. The 
cantilevers are made using a simple one-mask fabrication 
process with embedded amplitude gratings at the tips. A 
line shaped laser beam is used to illuminate the 
cantilevers. A single readout photodiode is placed at the 
first order diffraction beam location on the Fourier plane. 
The amplified photodiode signal is fed back into the 
magnetic actuation using a preamplifier and a broadband 
current amplifier. In this paper, we report for the first time 
parallel monitoring of the thermal resonance peaks of 
inherently frequency-multiplexed MEMS cantilevers. We 
demonstrated simultaneous self-sustained oscillations of 
seven cantilevers by using a single actuator and detector 
in air environment. The method is suitable for low-cost 
multiplexed portable biosensors.  
 
INTRODUCTION 
Resonant microcantilevers have been widely used 
for sensing and imaging applications [1, 2]. A common 
technique used in dynamic non-contact and tapping mode 
AFM’s and in resonant microcantilever based biological 
and chemical sensors is to frequency sweep an external 
AC signal for observing the resonance frequency and/or 
quality factor change as a result of the detected target [3-
5]. It is also reported that frequency can be monitored 
real-time using self-sustained actuation (SSA) without 
requiring signal generators and complicated electronics [1, 
6, 7]. SSA can be obtained by amplifying the thermal 
noise peak and then feeding it back as the actuator signal 
after applying a certain amount of phase shift. This 
technique is also used for self-sustained actuation of AFM 
microcantilevers and known as auto-tapping mode of 
operation [8]. Previously, we developed SSA method to 
monitor the changes in resonant frequency of 
microcantilevers due to accreted biological mass in liquid 
media and demonstrated sensing with 0.1ng/ml sensitivity 
and high selectivity for Hepatitis applications and reported 
in this conference last year [9, 10]. 
While SSA and other methods work well for a single 
cantilever, parallel array operation has not been 
demonstrated before. This is the first report of a sensor 
system to simultaneously monitor an array of cantilevers 
using one actuator and one detector. The method allows 
readout and analysis of dense array of sensors on a small 
chip. Therefore, it can open up new horizons for parallel 
and real time sensing and imaging applications such as 
multiplexed diagnostics with small sample volumes or 
parallel AFM.  
Microfabrication of the microcantilever array is 
explained briefly in the next section. Afterwards, 
operation principle of the closed-loop SSA system is 
explained in detail including the experimental setup, 
which contains optical, electrical and mechanical 
components. The optical interferometric readout and its 
inherent nonlinearity play a key role in the oscillator 
operation and explained in the subsequent section. Finally, 
experimental results are presented that show parallel 
monitoring of the multi-cantilever array: Brownian noise 
peaks obtained without any actuation, broadband white 
noise actuated spectrum, sine wave sweep spectrum and 
the resonance frequency peaks of simultaneous SSA of a 
microcantilever array. 
  
MICROFABRICATION 
Cantilevers are fabricated using single mask process, 
~1µm thick Nickel was electroplated on a thin Gold layer 
followed by wet etching for releasing [7, 10]. Silicon and 
Nickel surface quality is not very critical as the 
measurements are made in dynamic mode, which can 
reject large bias signals. Figure 1 shows different tail 
length cantilevers with 2-3µm wide grating slits at the tip 
of the cantilevers to facilitate interferometric readout. The 
cantilevers are made with different tail lengths to have 
different stiffness values, leading to different resonant 
frequencies. Whereas, the cantilever tips are designed to 
be on a straight line for simultaneous illumination with a 
1D focused laser line. 
 
 
 
 
 Figure 1: Concept drawing of electroplated Nickel 
cantilevers with Gold seed layer on Silicon substrate. 
 
Fabricated microcantilevers are shown on a MEMS 
die in Figure 2. The die (10mm×10mm) contains 
thousands of microcantilevers. Adjacent eight cantilevers 
in the same row are selected and illuminated with a laser 
line for parallel SSA oscillation. 
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OPERATION PRINCIPLE 
The overall system schematically is shown in 
Figure 3. The system includes a MEMS chip containing 
the microcantilever array, a coil for actuation, 
interferometric optical readout setup (detailed in the next 
section) and closed-loop control electronics. CCD camera 
and white light source are not essential and for monitoring 
purposes only. Spectrum analyzer is used to monitor the 
spectrum. 
 
 
 
 Figure 2: Laser line illuminating the cantilever array on 
the chip. The magnetic actuation coil underneath and 
magnets on both sides are visible around the chip. 
 
The microcantilever array contains eight 
microcantilevers with increasing resonance frequency in 
the 60-130 kHz frequency range. The microcantilevers are 
above the coil, which is placed in between two magnets 
for magnetizing the cantilevers in the direction 
perpendicular to the anchor, thus leading to an enhanced 
magnetic force sensed by the cantilevers. The details of 
the optimized magnetic actuator were reported in [11]. In 
the feedback loop, the photodetector output is amplified 
and phase shifted by a variable gain amplifier and a 
variable phase shifter and fed back to the actuation coil 
driver. The amplifier and the phase shifter need to be 
broadband in order to support a range of distinct resonant 
frequencies within the cantilever array. One advantage of 
the proposed method is that magnetic actuation and              a 
optical readout provide a non-contact/remote actuation                 
and sensing. 
Oscillations start with Brownian motion and 
amplified with a gain of G and 90ο phase shifted by the 
feedback control system to lock at the resonant frequency 
of each cantilever, which can be precisely monitored 
simultaneously using a spectrum analyzer. For a single 
cantilever case, assuming sinusoidal oscillation 
characteristics at steady-state, the equation of motion of 
the system can be written as follows: 
 
݉ݔሷ ൅  ܾݔሶ ൅ ݇ݔ ൌ ܨ௜௡                      (1) 
 
where m, b, k are the effective mass, total damping, spring 
constant and x is the deflection of the cantilever, which 
can be expressed as:   
ݔ ൌ ܣ ݁௝ఠ௧                          (2) 
 
For self-oscillating system the input is given as ݆ܩݔ and 
Eq. 1 becomes: 
 
െ݉ ߱ଶݔ ൅  ݆ܾ߱ݔ ൅ ݇ݔ ൌ ݆ܩݔ         (3) 
 
where ߱ is the oscillation frequency of the cantilever. At 
resonance, for zero effective damping, critical gain is 
calculated as ܩ௖ ൌ ߱௢ܾ , with: 
 
߱଴ ൌ ට ௞௠                                    (4) 
 
In theory, by making G=GC, one can obtain SSA and 
oscillations grow without bound if there is no nonlinearity 
that limit the response. In practice, G is taken as a little 
above GC and oscillation amplitude reaches to a saturation 
value due to a required nonlinearity in the system and 
stabilizes. This saturation mechanism forces the SSA 
oscillation to stabilize at specific amplitude and therefore 
determines the amplitude of oscillation [12].  
SSA is also reported as self-excitation, a method to 
virtually cancel out the damping in the system and results 
in sustained oscillation [13, 14]. For the multi-cantilever 
case one gain stage is used in the electronic feedback 
circuit, which can provide necessary gain even for the 
highest resonance frequency cantilever.  
 
 
 
Figure 3: Schematic diagram of the system.
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INTERFEROMETRIC READOUT 
Reflected laser light from the substrate and the 
sensor surface interfere and create diffraction orders. The 
photodiode is aligned on the Fourier plane and on the 1st 
order spot’s location. A single photodetector is sufficient 
to detect the 1st order light from multiple cantilevers. In 
addition, responsivity of each cantilever depends on the 
gap underneath each cantilever but the frequency of 
oscillation is not affected by the gap, variations due to 
microfabrication, refractive index variations, or 
environmental vibrations, making the sensor readout 
robust. 
The laser source used for the optical readout is a low 
power single mode He-Ne Laser. The Gaussian beam 
shape of the laser is turned into an elongated elliptic shape 
using a cylindrical lens and then focused on the cantilever 
tips. The focused laser line is constructed long enough to 
keep eight cantilevers in the middle of the beam to 
illuminate the microcantilevers as uniform as possible. 
Reflected light from the microcantilever surface and 
substrate interfere and create diffraction orders for each 
microcantilever. At the Fourier plane, the reflected laser 
beam separated into its diffraction orders and at this plane 
it is possible to select the 1st order beams of all the 
microcantilevers, focused at a point, By aligning the 
photodetector at this location.1st diffraction order beam is 
selected for the readout to avoid large bias in the 0th order 
direct reflection beam, and also for its higher power 
compared to the higher diffraction orders.  
For alignment and monitoring the microcantilevers a 
CCD camera, a white light source, a beam splitter and an 
additional imaging lens is used. The front imaging lens is 
employed also as the focusing lens for the monitoring 
optics. 
The interferometric readout is based on the Optical 
Phase Difference in between the reflected light from the 
microcantilever surface and from the substrate, which can 
be approximated as twice the gap underneath the 
microcantilevers. Sinusoidal shaped interference 
characteristic depends on the wavelength of the readout 
laser beam and the gap underneath the microcantilever. 
The normalized intensity at the photodetector can be 
written as follows:  
 
ܫ௉஽ ൌ sinଶሺߨ ଶఒ ݀ሻ ൌ
ଵ
ଶ െ
ଵ
ଶ ܿ݋ݏሺ2ߨ
ଶ
ఒ ݀ሻ        (5) 
 
where λ is the wavelength of the readout laser beam and d 
is the gap underneath the microcantilever. d can be 
expressed as: 
݀ ൌ ݃଴ ൅ ܣ ݏ݅݊ሺ߱଴ݐሻ                      (6) 
 
where g0 is the initial gap, A is the deflection amplitude, 
and w0 is the oscillation frequency. Figure 4 illustrates IPD 
assuming λ=635nm for different g0 values, which 
determine the bias point. In the figure, assuming 20 nm 
sinusoidal deflection, two intensity signals are plotted for 
two different initial gaps at nλ/2 +λ/8 (marked with red 
star) and nλ/2+3λ/8 (marked with blue square), where n is 
a nonnegative integer. Even though interferometric 
readout does not change the oscillation frequency, optical 
nonlinearity adds higher harmonics to the system, which 
will be mechanically filtered by the microcantilevers. 
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Figure 4: Interferometric readout photodetector 
normalized intensity characteristic assuming 635nm 
wavelength and 20nm deflection for two different nominal 
gap positions. 
 
EXPERIMENTAL RESULTS 
Multi-cantilever simultaneous SSA and parallel 
readout concept is experimentally proved by using the 
system shown in Figure 3. In order to verify the operation 
of the optical setup and to detect the resonance frequency 
and quality factors of the microcantilevers, a cantilever 
array containing eight cantilevers were illuminated via a 
line shaped laser without any actuation in the open loop 
mode, i.e. by breaking the loop just before the actuator 
driver. The photodetector signal was observed via a 
spectrum analyzer. In Figure 5, the thermal noise peaks of 
eight different cantilevers are clearly visible. The 
resonance frequencies and quality factor of the cantilevers 
are measured with the help of this data. Open loop 
frequency sweep and driving the system with broadband 
noise also gave consistent results with the thermal noise 
response as illustrated in the figure. 
 
 
Figure 5: Photodetector signal frequency spectrum that 
shows thermal noise data (no actuation), white noise 
driven response and frequency sweep response by coil. 
 
In order to obtain simultaneous SSA, the loop is 
closed, and in milliseconds the saturation of oscillations 
were observed and separated SSA oscillations were 
obtained as very narrow frequency peaks in the frequency 
spectrum. In Figure 6a, simultaneous SSA oscillations of 
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microcantilevers are illustrated. The bandwidth of the 
oscillation peaks are solely limited by the measurement 
bandwidth of the spectrum analyzer. Figure 6b shows the 
zoomed-in view of the peak at 92.8 kHz with a 
measurement bandwidth of around 1Hz. 
 
 
 
 
 
Figure 6: (a) Photodetector signal frequency spectrum 
that shows simultaneous SSA of MEMS cantilever array. 
(b) Zoomed spectrum of one of the cantilevers. 
 
CONCLUSION 
A MEMS cantilever array operated with parallel 
SSA oscillations is reported in this work. A broadband 
driver circuit and a single driver coil are designed and 
employed for simultaneous magnetic actuation. A magnet 
pair is used to enhance the magnetic force by magnetizing 
the cantilever longitudinally. Microcantilevers are 
designed with different resonance frequencies and 
microfabrication was a simple one mask process. In order 
to perform parallel readout of the simultaneous 
oscillations, interferometric readout of 8 cantilevers 
through a single detector and a single electrocoil are used. 
One set of discrete feedback electronics is utilized to 
phase shift and amplify the photodetector signal and close 
the loop. 
Without any actuation, Brownian motion of the 
microcantilever array is observed clearly using a single 
photodetector and the interferometric setup. SSA 
oscillations are performed for seven microcantilevers with 
changing resonance frequencies in the 60-130 kHz range. 
Measurements are performed in air environment. 
Implementation of parallel SSA by using a single 
actuator and single photodetector opens up new horizons 
for multiplexed biosensing. The method is suitable for 
low-cost multiplexed portable biosensor platform with its 
easy to process sensor array and non-contact actuation and 
readout mechanism.  
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